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Propellant from the Moon will revolutionize our 
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Each Apollo 
mission utilized 
Earth-derived 
propellants 
(Saturn V liftoff 
mass = 2,962 
tons) 


current space transportation approach 


Schematic representation of the scale of an Earth launch system for scenarios to land 
an Apollo-size mission on the Moon, assuming various refueling depots and an in- 
space reusable transportation system. Note: Apollo stage height is scaled by 
estimated mass reduction due to ISRU refueling 


What if lunar lander was refueled 
on the Moon’s surface? 
73% of Apollo mass (2,160 tons) 


Courtesy of Brad Blair, Colorado School of Mines 


Assume refueling at L1 andon 
Moon: 34% of mass (1,004 tons) 


Assume refueling at 
LEO, L1 and on Moon: 
12% of mass (355 tons) 


+Reusable lander 


(268 tons) 
Fe +Reusable upper 
P 7 stage & lander (119 
tons) 
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PILOT Field Test Hardware 


Rotating H, Reduction 


Hydrogen Storage 
Reactor - 17 kg/batch ydrog g 


Lift System and Auger Product Processor 
Loading 
Oxygen Liquefier/ Storage (IR&D) 
Dump Chute 


Salt Extraction Collector 
and Second Stage Filter 


Water Condenser 


Bucket Drum 


Excavator (IR&D) Lander Simulator (IR&D) 


PILOT — Precursor ISRU Lunar Oxygen Testbed 


(Lockheed Martin Astronautics — Denver) 


ROxygen Field Test Hardware 


Two Fluidized H, Reduction 
Reactors - 10 kg/batch each 


Regolith hopper/auger Wailer ease 
lift system (2) 
Hydrogen Tank/Separator 


Water Tanks (2) 


Cratos Excavator Gaseous O, 


Storage 


Ramp to allow Cratos operations Re goliliiedelor- exhaust 


(or other small vehicle) 


Water Electrolysis 
Units (2) 


NASA ROxygen H, Reduction System 
(JSC, KSC, and GRC) 


ROxygen & PILOT Tasks 


¢ Demonstrate excavation and material delivery to plant and removal 
of spent regolith; 
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excavation site each day 
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° Demonstrate Oxygen separation and storage 
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ROxygen Setup 


2008 Field Test Results 
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¢ System integrated with mini rover equipped with bucket 
rola U Taam». Cor: Mec elmo) alave|i ave myo) |MComaat-Ma-r-(eq (elem laitclele-licte| 
system was tested during field tests in Hawaii. 
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- Two large-scale reactors were tested in 2008 at the first 
~ ISRU. technolog y field tests. 
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Water From Rocks! 


Purity Goal... 


More info at: httos://isru.nasa.gov/Hydrogen-Reduction-of-Regolith.html 
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¢ Technology features 
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*~Results and Performance 


me. *)eeUielrelr4clalolam-lare| gas fluidization with Helium gas are near equally efficient 
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— Tests in'latge reactor provided oxygen Miers in the range 0.2% — 0.5% by mass 
of regolith. The low yields are attributed to the operational limits of a 
contaminant scrubber. 


“WU stand (Credit: “9 
\ i), Glenn Research ~~ 
4, Center) .— 


OF: 1g okevial=lennr-lmatqieleceqi(elameym i (-6-1 Oxid@s 
and Silicates - Chemis 


— 


¢ Methane Decomposition and Carbon Deposition: 
CH, > C(s) + 2H, (T= >1600°C) 
“* Carbothermal Reduction: 
; Ci) + (Fe, Ti, SiO, > x CO + Fe? + Ti? + Si? 
~ ¢ Methane Re Becction (Sabatier Rxn): 
H, > CH, + HO (T = ~400°C) 
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Lunar Metals 
Silicates i Silicon 
: Carbon 
Metal Oxid 
Reduction Reduction Liquifier 
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“Lunar regolith has a 


Regions of molten JSC-1A eS es 
lunar regolith simulant 
produced during a 40-minute | 
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(ORBITEC) ©) 
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Carbothermal Reduction with Se a 


¢ Oxygen yields up-to 10.3%wt with 
processing times Up to 80 minutes 
have been demonstrated (JSC-1A 
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Processed JSC-1A 
Simulant 


Carbothermal Reduction with Solar Energy — 
Field Test Results >. 


¢ The carbothermalt 


— Performed 17 tephra melts (12 
(0) Ome) cole l leis lela) 


— over 7 days 


— Produced 31.5 g of water from 
tatem (oda es! 
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— 9.7% oxygen yield by mass 


Carbothermal Regolith Reduction Mo ol ule a S 
Module and Pneumatic RegolithTransfer 
Unit during the 2010 ISRU_Analog Test. 


Molten Regolith Electrolysis gags 


¢ Molten Oxide Electrolysis: 
O* > 2 e (cathode) + % O, (gas) (T = >1600°C) 


Fe*+(electrolyte) + 2 e (cathode) > Fe® (liquid) 
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Molten Regolith Electrol 
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Schematic of counter 
gravity Molten Material 
Withdrawal (o(-V/(e:> (@) alle me) r-1(- OM) 


Small casting of molten ferrosilicon (lower 
EW/-1o)e-lale Manke)it-lamey.dle(-me)mlelat-lamexe)in) ele-vitrela 
») (top layer) withdrawn by counter-gravity 

Suction at 1600C from reactor furnace (Image 
N credit: Ohio State U./KSC 
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lron oxide reduction (T = 800-850°C): 

FeO +CO=Fe+CO, AH=-15.7 kJ 
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D— C + CO, AH = -18.7 kJ 
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Reverse water gas shift reaction (T = 400°C): 
CO, +H, =CO+H,0,, AH =-2.9 kJ 
Electrolysis: 
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Recoverable Oxygen in JSC-1 Lunar Simulant 


kg Compound] Compound kg Oxygen Cumulative kg Carbon Cumulative 
Compound per 100 kg Molecular per 100 kg kg Oxygen per 100 kg kg Carbon 
Soil Weight Soil per 100 kg Soil per 100 kg 
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— Rocknest 1 

Rocknest 2 
— - Rocknest 3 
--=-: Rocknest 4 


counts/s 


Molar abundances (pmol) 


Run 1 Run 2 


8.3 + 2.0 10.8 + 2.6 ; Summary of DAN observations after 
2.9 + 0.2 W719 oy i a 


ee Curiosity multiple traverses in the 
43.3 + 10.7 66.5 + 16.2 9, 5.9 4 same area 
3.0+0.4 5.1+0.6 


Sample weight % 
Run 2 
1.0 + 0.3 


2.2 + 0.5 \\ Most H-rich area (Up to 10% 
water equivalent hydrogen) 
ClO, equiv. 0.3 20.1 0.5 +0.1 


‘ Por 2% > Coordinates of colored curve correspond to 
100 200 300 400 500 600 700 800 ; 4 ~~ the position under DAN instrument (back 


a side of the rover) 
Sample Temperature (°C) : s fe 
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Gases released from heated Rocknestss 
aliquots » =" Sour Rate 
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Volatile, Isotope, and Organic Analysis of Martian Fines with the Mars |e 
Curiosity Rover 


L. A. Leshin et al. 
Science 341, (2013): 
DOI: 10.1126/science.1238937 
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¢ H, Reduction 
— Removal of H,S and HF from water 
Scale-up 
— Reactor seals 
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[Tony's Wish List] ® 


¢ NASA has restarted its ISRU Project 

¢ NASA should fully embrace ISRU 

Sol alccxe/esicsvomalelaarslam=>.¢e)(e)e-tllelamelmial-Mlalal-lmrsve)i-lmcny A118 
- Moon, asteroids, Mars moons, Mars 
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_ Habita S, ISRI J acechait, launch vehicles, etc. 
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